A total of 96 crossbred weanling barrows aged 21 days were randomly allocated to 32 pens of a new nursery to investigate the effects of antibiotics, phytogenics, and probiotics on intestinal growth and development. The animals were fed a set of three-phase basal diets containing 0.3% zinc oxide (CON) or the basal diets supplemented with 353 ppm of a combination of tiamulin, neomycin, chlortetracycline, and oxytetracycline (ANTI), 75 ppm triterpenoid saponin plus 150 ppm mixed saccharides (HERB; Sacchapin ® ), or 1 × 10 7 brewer's yeasts plus 8 × 10 7 spores of each of Bacillus licheniformis and Bacillus subtilis per kilogram feed (PROBIO; Yeasture Plus 2B ® ) for five weeks. Thirty-two pigs representing as many pens were slaughtered at the end of the feeding trial, after which morphological measures and digestive enzyme activities of intestinal mucosa were determined. Weight gain and gain:feed of the pigs were not affected by the dietary treatments (TRT) during the overall feeding trial. Total intestinal length was greater in PROBIO than in ANTI (P<0.05). Wet mucosa weight of the duodenum was not affected by TRT. However, jejunal mucosa weight was greater in PROBIO than in any other group sum of mucosa weights of the duodenum and jejunum was greater (P<0.05) in PROBIO than in ANTI and HERB. The height and width of duodenal villus were not affected by TRT, but crypt depth decreased (P<0.05) in response to HERB and PROBIO vs CON. Specific activities of alkaline phosphatase, sucrase, maltase, lactase, and leucine aminopeptidase in the duodenum and jejunum were not changed by TRT. In conclusion, results suggest that the present dietary treatments have no effects on growth performance of weanling pigs and that of PROBIO enhances intestinal growth and development under a clean experimental setting.
INTRODUCTION
A variety of antibiotics and antimicrobial substances have been used as feed additives for the past several decades to improve the growth efficiency of post-weaning pigs (Visek, 1978; Cromwell, 2001) . The enhanced growth efficiency of young pigs by these agents is elicited by virtue of their effective suppression of colonization of harmful microflora and ensuing altered gut function. The use of antibiotics as feed additives, however, has been prohibited since 2006 in EU because of the possible development of antibiotic resistance in humans as well as animals through such a practice (Snary et al., 2004; Phillips, 2007) . Similarly, the number of antibiotics allowed as feed additives in Korea has been reduced from 53 to 25 followed by 18 and eventually zero as of July 1, 2011 (MIFAFF, 2004 (MIFAFF, , 2010 . It is thus imperative in Korea to find effective "alternatives to antibiotics," which include phytogenic substances, probiotics, prebiotics, acidifiers, etc. (Wenk, 2000; Windisch et al., 2008) .
Plant extracts containing saponins, essential oils, flavonoids, organic acids, saccharides, etc., or mixtures of them have recently been introduced as feed additives (Cowan, 1999 Francis et al., 2002 Windisch et al., 2008) . Of these, saponins extracted from a variety of plants represented by Yucca schidigera have been found to decrease intestinal ammonia production (Francis et al., 2002) , to alleviate the oxidative stress (Olas etal., 2003) , and to potentiate the immunomodulatory function (Ilsley et al., 2005; 
2010
) by yet-to-be-understood mechanisms. However, phytogenics containing a specific type of saponin or essential oil rarely influence growth performance or intestinal mass in young pigs (Yen and Pond, 1993; Colina et al., 2001) , whereas some mixtures of flavonoids, organic acids and polysaccharides have been reported to exhibit growth-promoting effects (Stein and Kil, 2006; Kong et al., 2007; Windisch et al., 2008; Yin et al., 2008) .
Probiotics or direct-fed microbials have been used as dietary supplements for several decades (Cromwell, 2001; Lallès et al., 2007; Ohashi and Ushida, 2009 ). These agents are believed to colonize dominantly in the lower intestine where they inhibit the growth of enterotoxigenic microflora, Escherichia coli in particular, to elicit a beneficial effect on gut health, although their effects on growth performance have been either positive or insignificant. Of late, orally administered spores of Bacillus licheniformis and Bacillus subtilis have been reported to germinate in the gastrointestinal tract (Leser et al., 2008) and thereby to prevent post-weaning diarrhea and also to improve the production efficiency of growing-finishing pigs (Alexopoulos et al., 2004; Davis et al., 2008) .
As an initial step to find effective alternatives to antibiotics, the present study was undertaken to investigate the effects of commercial phytogenic and probiotic products on growth performance and intestinal growth and development of weanling pigs and thereby to find insight into mechanisms of their actions. To this end, effects of the commercial products added to the diet were compared with those of dietary addition of none or a mixture of antibiotics.
MATERIALS AND METHODS

Animals and experimental design
A total of 96 crossbred, castrated weanling pigs aged 21 days and weighing 5.75±0.10 kg were randomly allocated to 32 pens of a new plastic slat-type nursery in such a way that each of the four dietary treatments (Table 1) was assigned eight 0.75-m 2 pens. The animals were adjusted for two days to the new environment including the phase 1 basal diet (CON) or the basal diet supplemented with a combination of antibiotics (ANTI), phytogenic extracts (HERB), or probiotics (PROBIO). The ANTI, which was a mixture of tiamulin, neomycin, chlortetracycline, and oxytetracycline, was formulated to provide maximum doses of these wide-spectrum antibiotics formerly allowed by MIFAFF (2004; 353 ppm in total; see Table 1 legend for details) so as to maximally inhibit the growth of enteric gram-negative and -positive bacteria. The HERB (Sacchapin ® ), which was a blend of extracts of the Yucca root and Camekkia Japonica L., contained 150 ppm triterpenoid saponin and 150 ppm mixed saccharides; PROBIO (Yeasture Plus 2B ® ) was a mixture of the brewer's yeast and viable spores of Bacillus licheniformis and Bacillus subtilis these two proprietary products of EasyBio System, Inc. (Seoul), were added to the corresponding diets following the recommendations of the manufacturer.
Each group of animals had a free access to water and corresponding phase-1, -2 and -3 diets supplemented with identical agents for 1, 2 and 2 weeks, respectively. Indoor temperature of the nursery was controlled at 30℃ at the beginning of the feeding trial and was adjusted downward at a rate of 0.5℃/week. Feed intake was recorded at the end of weeks 1, 3 and 5; body weight was measured at the beginning and end of the feeding trial.
Preparation of intestinal mucosa specimen and microscopic examination of villi
At the end of the five-week feeding trial, 32 medianweight pigs representing as many pens were sacrificed using an electric stunner. Immediately after bleeding and opening the abdominal cavity, the entire small intestine was removed following excisions at the pylorus and at the iliocecal valve and the total intestinal length was measured. The intestine was perfused with 0.9% ice-cold saline, gently squeezed to remove the digesta, and divided into the duodenum and jejunum, which were defined as upper 10% and 50% lengths of the intestine, respectively.
As for five animals per treatment which were selected randomly at slaughter, a 5-cm cross-sectional segment of the duodenal length was cut at the midpoint and gently rinsed in ice-cold phosphate-buffered saline. This was further cut into a few shorter segments and fixed in a 10% formalin solution (Sigma Chemical Co., St. Louis, MO, USA). The fixed duodenal segment was subsequently embedded in paraffin wax, sliced longitudinally to a 4-μm thickness using a microtome and stained with hematoxylin and eosin. The height, width and crypt depth of the villus were measured under a microscopic field (BX-50, Olympus, Tokyo, Japan) using Visus image analysis program (Foresthill Products, Foresthill, CA, USA). Each of these variables was measured at 10 or more villi per animal and the average of the measurements was used as the observation for that pig.
Harvesting the intestinal mucosa
At the same time when the duodenal segment was taken for microscopic examination, the remaining or whole duodenum and the whole jejunum were rinsed three times with a Tris-buffered mannitol solution [mannitol buffer; 150 mM mannitol in 10 mM Tris succinate (pH 7.4), 5 mM MgCl2, 5 mM K2HPO4 and 1 mM MnCl2]. Mucosal tissue was harvested by gently scraping the internal surface of the intestinal segment with a glass slide on an ice-cold aluminum pan, after which residual fat and digesta remaining in the harvested mucosa were removed by suspending the tissue in an equal volume of the mannitol buffer followed by centrifugation at 10,000×g at 4℃ for 12 min. After weighing the mucosal sediment, the mucosa was homogenized with six volumes of the mannitol buffer and aliquots of the resulting homogenate were stored at -70℃ until used for the enzyme assay.
Determination of specific activities of digestive enzymes
The frozen mucosal homogenate was thawed and diluted with an equal volume of 2% triton X-100 to release brush-border enzymes from the membrane fraction. Protein content of the mucosal homogenate was determined by the bicinchronic acid (BCA) method using a BCA protein assay kit (Pierce, Rockford, IL, USA).
Alkaline phosphatase activity was measured using Sigma Diagnostic Assay Kit (Procedure No, 245) and an ELISA reader (Vmax Molecular Device, Sunnywale, CA, USA) following the manufacturer's instruction. Leucine aminopeptidase activity was determined according to the procedure described by Rybina et al. (1997) in which the amount of p-nitroaniline produced from L-Leucine-p-nitroanilide by the catalysis of the enzyme is determined spectrophotometrically. Lactase, maltase and sucrase activities were determined by a procedure modified from that of Dahlqvist (1968) ; the end product glucose was determined using an ELISA reader with its wavelength set at 450 nm. In all the assays described above, the unit activity and specific activity of each enzyme were defined as the yield of one micromole of end product and the rate of yield of the end product per minute by one milligram of protein, respectively. All data were analyzed using GLM of SAS (SAS Institute Inc., Cary, NC, USA) to separate the means for the four dietary groups by Duncan's Multiple-Range Test, in which two groups were considered different if P<0.05. The model included the dietary treatment, with the pen regarded as the experimental unit. In the analysis for the length and mucosa weight of the intestine, live weight was included in the model as a covariate.
Statistical analysis
RESULTS
Growth performance
All animals exhibited no apparent sign of health problem including diarrhea during the entire feeding trial. Growth performance of the piglets fed a set of basal diets (CON) or the basal diets supplemented with a combination of antibiotics (ANTI), a blend of phytogenic extracts (HERB), or a mixture of probiotics (PROBIO) are presented in Table 2 . Overall ADG was not affected by the dietary treatments. The ADFI also did not differ between any two dietary groups during week 1, weeks 2 and 3, weeks 4 and 5, or the entire 5-week period. As could be expected from these results, gain:feed was not influenced by the dietary treatment.
Gross measures of the intestine and its mucosa
Interestingly, total intestinal length was greater in the PROBIO group than in ANTI, but except for this, it did not differ between any other two groups (Table 3 ). The weight of duodenal mucosa was apparently lowest in the ANTI group, but the treatment effect was not different between any two groups due to relatively large variations among the pigs. Similarly, mucosal weights of the jejunum and duodenum plus jejunum also were apparently lowest in the ANTI group, although differences between the ANTI and any other group but PROBIO were not significant. Furthermore, the PROBIO group exhibited a greater jejunal mucosa weight than any other group (P<0.05) and also a greater duodenal plus jejunal mucosa weight than ANTI and HERB groups (P<0.05). 
Morphology of the duodenal villi
The height and width of the villus (VH and VW) did not differ between any two dietary groups ( Fig. 1; Table 4 ). Crypt depth of the villus (CD), however, was reduced by HERB and PROBIO compared with that of CON (P<0.05). Conversely, the mean VH:CD ratio was greater in PROBIO and HERB groups vs CON by 49% and 37%, respectively, but differences between the former and the latter were not significant.
Mucosal enzyme activities
Specific activities of alkaline phosphatase, leucine amino peptidase, sucrase, lactase, and maltase in duodenal mucosa were numerically but not statistically greater in the ANTI than in any other group (Table 5) . In jejunum, none of these enzyme activities changed in response to any of the dietary treatments.
DISCUSSION
Weaning influences intestinal structure and function adversely in the pig, usually resulting in diarrhea and growth retardation (Lallès, et al., 2007) . It is well known that 0.15% to 0.3% in-feed supplementation of zinc oxide (ZnO) often alleviates the post-weaning health problem to an extent comparable to that elicited by an in-feed antibiotic addition (Hill et al., 2001; Owusu-Asiedu et al., 2003) , although such a high ZnO level can potentially result in soil contamination with excreted Zn through the manure. Nevertheless, since such a level of ZnO is indeed added to most commercial nursery pig diets in Korea, the present feeding trial was performed on basal diets containing 0.3% ZnO. As such, the possibility that effects of the agents on growth tested in the present study could have been masked by that of supplemental zinc oxide cannot be completely ruled out. However, there is an incident where a 0.31% dietary supplementation of ZnO exerted no effect on growth performance in weaned pigs (Broom et al., 2006) and further even the dietary antibiotic treatment, which is believed to have a growth promoting effect independently of that of 0.15% to 0.3% ZnO (Hill et al., 2001) , exerted no effect on growth.
The increase of jejunal mucosa weight in response to PROBIO vs CON suggests that like some other probiotics (Ohashi and Ushida, 2009) , the brewer's yeast, Bacillus licheniformis and Bacillus subtilis, en masse, may also enhance epithelial cell growth in the gut. Moreover, mucosal weights of the jejunum and duodenum plus jejunum, as well as total intestinal length, were less in the ANTI than in PROBIO group, implicating that these two treatments have different mechanisms of regulatory actions on longitudinal and mucosal growth of the intestine. In addition, compared with CON, the ANTI group exhibited lesser mucosal weights of the duodenum, jejunum and duodenum plus jejunum by 24.0%, 6.5% and 10.3%, respectively, albeit statistically insignificant, which was similar to previous reports (Stutz et al., 1983; Fethiere and Miles, 1987; Veselinova et al., 1987) . These results are thus thought to be reflective of the generally accepted concept that antibiotics dampen the mucosal thickening induced by enterotoxigenic microorganisms in the gut, which results in an increase of the proportion of absorbed nutrients utilized for growth of tissues other than the gut usually contributing to enhancement of growth performance (Visek, 1978; Cromwell, 2001) .
The digestive capacity of weaned piglets is generally assessed based on the measurements of the villus height (VH) and crypt depth (CD) as well as digestive enzyme activities of intestinal mucosa. In this regard, the VH:CD ratio, which represents the absorptive area and hence absorptive capacity of the intestine, is probably a better indicator than either of the two independently (Manzanilla et al., 2006; Zhao et al., 2007) . In general, weaned piglets have decreased digestive capacity as indicated by lesser VH and greater CD compared with those of age-matched sucklings (Kelly et al., 1991) .
It was intriguing that HERB and PROBIO groups exhibited decreased CD compared with that of CON. Biological significance of this, however, remains to be known, because VH did not change in response to HERB or PROBIO and theeffects of these treatments on the VH:CD ratio was insignificant. Of course, the present results obtained with HERB and PROBIO cannot be directly compared with published results, if any, either, not only because effects of these agents on intestinal villus morphology have not been studied, but because their effects are known to vary depending on the active principles contained in each product (Domeneghini et al., 2006; Windisch et al., 2008) . For instance, Sehm et al. (2007) have reported that polyphenol (a flavonoid)-rich red-wine pomace and apple pomace alleviated the decrease of VH of weanling pigs, whereas in the study of Manzanilla et al. (2006) , a mixture of plant extracts containing essential oils (carvacrol and cinnamaldehyde) and capsaicin did not influence VH or CD. On the other hand, the absence of effects of ANTI on VH and CD, which was similar to the results obtained with avilamycin (van der Peet-Schwering et al., 2007) and amoxicillin (Thymann et al., 2007) , suggests that the beneficial effect of antibiotics in weaned piglets is not likely to have any relation to their effects on the villus structure. In birds, conflicting resultsincreased intestinal VH (Solomon and Tullett, 1988) and decreased VH and CD (Miles et al., 2006) -have been reported for the dietary antibiotic virginiamycin.
It also was noticeable that duodenal digestive enzyme activities were greater numerically, albeit not statistically, in the ANTI vs CON (25% on an average) and other groups. This is thought to be consistent with the known fact that antibiotics, in general, enhance digestive capacity (Windisch et al., 2008) including stimulation of selective enzyme activities (Thymann et al., 2007) in young pigs. However, the lack of effect of PROBIO on the digestive enzyme activities was different from the increased activities of disaccharidases and oligo-peptidases in response to dietary probiotics containing a mixture of multiple strains of Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus casei and Streptococcus faecium in the study of Collington et al. (1990) . This implies that the effect of a probiotic product on the digestive enzyme activity is likely to be dependent on the species of the microorganisms or their spores contained in the product. To our knowledge, phytogenic products have not been studied in the pig with respect to their effect on the digestive enzyme activity, whereas in birds, a number of phytogenic essential oils have been reported to stimulate the secretion of digestive enzymes in the intestine (Lee, 2002; Jang et al., 2004 Jang et al., , 2007 .
In conclusion, results suggest that PROBIO enhances intestinal mucosal growth and that both PROBIO and HERB have a villus crypt-shortening effect. On the other hand, the lack of effects of the present dietary treatment including ANTI on growth performance is attributable to our clean experimental setting in which effects of the growth enhancers are known to be diminished (Visek, 1978; Cromwell, 2001 ). More studies are therefore necessary to delineate how the effects of these agents are related to digestive capacity of post-weaning pigs and also to elucidate how they are related to pig growth under production farm conditions and thereby to evaluate the practical efficacy of the products as alternatives to antibiotics.
